Mutations in Sterol O-Acyltransferase 1 (Soat1) Result in Hair Interior Defects in AKR/J Mice  by Wu, Baojin et al.
remain important steps toward im-
proved management of hair loss.
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TO THE EDITOR
Genes regulating the development and
function of skin and hair often have
critical roles in other organs. Accord-
ingly, understanding the mechanisms
underlying hair follicle morphogenesis
and cycling may provide insight into
disease processes of relevance for various
organs. The hair interior defect mutation
(hid) arose spontaneously in AKR/J
mice (Trigg, 1972; Giehl et al., 2009).
Although AKR/J-hid/hid mice seem
superficially normal at all ages, a micro-
scopic analysis of internal hair morphol-
ogy revealed changes in the cortico-
medullary boundary, a lesion that was
proposed to be a failure of medullary
cells to change shape during their early
differentiation (Trigg, 1972). Subsequent
ultrastructural studies found hid/hid hair
to be deficient in projections of cortex
cells (Rice et al., 2009), which normally
have a characteristic tonofilament pattern
(Morioka, 2005) into adjoining medulla
cells. Proteomic analyses further revealed
the hid/hid hair to be low in trichohyalin
(Rice et al., 2009).
Having mapped the hid locus to
mouse chromosome 1 (Giehl et al.,
2009), we generated an additional 260
AKRCByJF2 mice yielding 14.62% (38
mice) affected progeny (o25% ex-
pected), and suggesting one or more
modifier genes. Crosses between AKR/J-
hid/hid and C3H/HeJ, C57BL/6J, FVB/
NJ, and CAST/EiJ mice yielded 1289 F2
progeny at the expected 25% fre-
quency. Genotyping reduced the hid
locus to 0.74 Mb containing nine
genes. Sequencing of the corresponding
complementary DNAs revealed only
synonymous single-nucleotide poly-
morphisms, with the exception of
Soat1, which had a 118 bp deletion
that included exon 2 and ranged from
nucleotides 30 to 88 of the Soat1 open
reading frame. Genomically, we con-
firmed a 6.8 kb deletion using whole-
genome resequencing data (http://
www.sanger.ac.uk/modelorgs/mouse
genomes/). This mutation results in
a 33 amino acid truncation at the N-
terminus of the SOAT1 protein consist-
ing of 540 amino acids. As no structure
of any member of the SOAT family was
confirmed, tertiary structural changes
caused by this mutation could not beAbbreviations: hid, hair interior defect
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predicted on the basis of a congenerous
model. On the basis of analysis by
SABLE (http://www.sable.cchmc.org/),
the secondary structure of the truncated
N-terminus forms a random coil, which
is not predicted to markedly change
the remaining structure, including
b-pleated sheets and coils of currently
undefined function (Figure 1a). Western
blots of dorsal skin from 5-day-old
male AKR/J-hid/hid mice and C57BL/
6J, BALB/cByJ, and B6.129 þ /þ con-
trols revealed loss of SOAT1 expres-
sion in hid/hid mice only (Figure 1b).
Strong fluorescence signals for SOAT1
were seen in the premedulla region
of hair follicles and in sebaceous
glands of the BALB/cByJ þ /þ mouse
but not in AKR/J-hid/hid (Figure 2;
for details see Supplementary Material
S1online).
All AKR/J mice had hid (Trigg, 1972)
and adrenocortical lipid depletion
(ald) (Arnesen, 1963) mutations. Acyl-
CoA:cholesterol acyltransferase (Acat,
currently sterol O-acyltransferase 1,
Soat1)-null mice also had the ald
phenotype, indicating that ald resulted
from a Soat1 mutation (Meiner et al.,
1998). However, no hair abnormalities
were reported in two Soat1-null muta-
tions (Meiner et al., 1996; Yagyu et al.,
2000). Our study confirmed that hid
was due to the same Soat1 mutation
causing ald and that SOAT1 protein
was present within the premedulla,
sebaceous glands, and hair interior of
þ /þ but not hid/hid mice.
Meiner et al. found a 118 bp deletion
in the Soat1 mRNA from AKR/J mice
(Meiner et al., 1998). Our data confirm
this result and show that the underlying
cause of the deletion in the mRNA is a
6.8 genomic deletion encompassing
exon 2 and large portions of introns 1
and 2. Quantitative real-time PCR
analyses showed that truncated Soat1
mRNA expression was present but
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Figure 1. Putative expression of SOAT1 protein. Truncated N-terminal and the secondary structure of SOAT1 protein of AKR/J-hid/hid (a). SOAT1 is not
expressed in the dorsal skin of AKR-hid/hid mutant mice but is in C57BL/6J, BALB/cByJ, and B6.129 wild-type mice (b).
Bar=100 μm
Figure 2. Immunofluorescence localizing SOAT1 protein in hair follicles. Yellow arrows indicate the
positive signal in sebaceous glands and white arrows identify strong signals in the premedulla in the
bulb of BALB/cByJ þ /þ mice (b, d) but not in AKR/J-hid/hid mutant mice (a, c). The white dotted
line outlines the epidermis and hair follicles. Red¼ SOAT1, Blue¼ 4’,6-diamidino-2-phenylindole.
Bar¼100 mm.
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reduced in skin from male hid/hid pups,
whereas SOAT1 protein was absent in
hid/hid hair follicles. Robust expression
of SOAT1 in the premedulla and hair
interior region of the normal hair
follicle and shaft suggests that SOAT1
has an important role in normal hair
formation. Mutations in Soat1 affect
the adrenal gland, resulting in the ald
mutant phenotype, showing the impor-
tance of SOAT1 in lipid metabolism.
SOAT1 was strongly expressed in þ /þ
mouse sebaceous glands but not in
those of the hid mutant mice, again
because of its known role in lipid
metabolism. Failure to find changes in
hid sebaceous glands suggests that
subtle changes in structure or lipids
may also be a part of the phenotype,
warranting future investigation, espe-
cially of surface lipids and epidermal
hydration. These are important aspects
of stearoyl-coenzyme A desaturase 1
(Scd1), the gene mutated in asebia
mouse (Zheng et al., 1999; Sundberg
et al., 2000; Fluhr et al., 2003). Lipid
metabolism is not currently considered
a primary function of cells within the
hair shaft. This is an overlooked area,
especially as changes are not obviously
detrimental to health. Hofmann de-
scribed a large and diverse superfamily
of membrane-associated acyltrans-
ferases, of which SOAT1 is an impor-
tant member (Hofmann, 2000). All
member proteins harbor several mem-
brane-spanning regions, typically be-
tween 8 and 10, and share a region of
detectable sequence similarity (amino
acid 410–450 in SOAT1). This super-
family is implicated in Wnt signaling,
an important pathway in hair follicle
development (Ito et al., 2007). The
primary function of SOAT1 is in the
maintenance of ratios of free cholester-
ol and cholesterol esters in cells. One
possibility is that the amino-terminal
deletion in the SOAT1 protein affects
protein–protein interactions or the lo-
calization of SOAT1 protein in cell
membranes, and that these alterations
influence the connection between cells
or the cytoskeleton itself. Kazantseva
et al. identified lipase H, a phospholi-
pase thought to regulate the production
of lipid signaling molecules, in families
with an inherited deficiency in hair
growth (Kazantseva et al., 2006). Me-
dulla cells arranged along hair shafts
are separated by either an air space or
more likely by lipids (Wagner et al.,
2007), which may explain why
mutations in Soat1 result in the hid
phenotype.
Although often dismissed as simply
cosmetic, hair changes may reflect
more serious and life-threatening
systemic effects, as in the case of hid
mutant mice, which have an adrenal
gland abnormality and a propensity
for developing atherosclerosis (Meiner
et al., 1996, 1998; Yagyu et al., 2000).
Taken together, groups of mutant mice
with somewhat similar phenotypes pro-
vide powerful tools to unlock new
genetic networks, as seems to be the
case here.
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